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Beyond Sagyreg: Conversion to Sax ., Sagy, and Sapyiacrot

by Jennie A. Watson-Lamprey and David M. Boore

Abstract In the seismic design of structures, estimates of design forces are usually
provided to the engineer in the form of elastic response spectra. Predictive equations
for elastic response spectra are derived from empirical recordings of ground motion.
The geometric mean of the two orthogonal horizontal components of motion is often
used as the response value in these predictive equations, although it is not necessarily
the most relevant estimate of forces within the structure. For some applications it is
desirable to estimate the response value on a randomly chosen single component of
ground motion, and in other applications the maximum response in a single direction
is required. We give adjustment factors that allow converting the predictions of
geometric-mean ground-motion predictions into either of these other two measures
of seismic ground-motion intensity. In addition, we investigate the relation of the
strike-normal component of ground motion to the maximum response values. We
show that the strike-normal component of ground motion seldom corresponds to the
maximum horizontal-component response value (in particular, at distances greater
than about 3 km from faults), and that focusing on this case in exclusion of others
can result in the underestimation of the maximum component. This research provides
estimates of the maximum response value of a single component for all cases, not
just near-fault strike-normal components. We provide modification factors that can
be used to convert predictions of ground motions in terms of the geometric mean to
the maximum spectral acceleration (Sayro) and the random component of spectral
acceleration (Sa,,,). Included are modification factors for both the mean and the

aleatory standard deviation of the logarithm of the motions.

Introduction

Boore et al. (2006) defined an orientation-independent
method for computing the geometric mean of spectral ac-
celerations (Sa) recorded in two orthogonal horizontal di-
rections. This quantity, referred to here as Sagyrom, corre-
sponds to the median geometric-mean response spectra of
the two as-recorded horizontal components after a single
period-independent rotation that minimizes the variation
away from the median value over all useable periods. Sa-
GMRoa Nas been chosen as the dependent variable in updating
the ground-motion prediction equations (GrMPEs) of Abra-
hamson and Silva (1997), Boore et al. (1997), Campbell and
Bozorgnia (2003a, b, ¢, 2004), and Sadigh et al. (1997), as
part of a multiyear project sponsored by the Pacific Earth-
quake Engineering Research Center (PEER Next Generation
Attenuation [NGA] Project, http://peer.berkeley.edu/life
lines/repngamodels.html). The previous versions of the up-
dated GrMPEs used the geometric-mean response spectra of
the two as-recorded horizontal components (Sagyar)- In en-
gineering applications, however, some other measure of seis-
mic intensity may be desired (e.g., Baker and Cornell, 2006).
Many such measures are listed by Beyer and Bommer
(2006), who provide conversion factors between the various

measures, for both the medians and the standard deviations.
Our article is similar to that of Beyer and Bommer (2006),
but with a more restricted scope: we present conversion fac-
tors from Sagyron to the spectral acceleration of a randomly
chosen component of motion (Sa,,,, where “Arb” stands for
“Arbitrary”) and to the maximum possible spectral acceler-
ation over all possible orientations of a horizontal compo-
nent of ground motion (Saycre)- Another measure of the
maximum spectral acceleration would be the maximum of
the two spectral accelerations from a randomly oriented pair
of orthogonal motions; we denote this as Sayay a1, and con-
version factors to this from Sagyreg are given by Beyer and
Bommer (2006) and by Campbell and Bozorgnia (2006). We
discuss the spectral acceleration in the strike-normal direc-
tion (Sagy; also known as “fault-normal”), but because we
find that it rarely corresponds to Sayi,re W€ do not give
any conversion factors for Sagy.

Our study also differs from that of Beyer and Bommer
(2006) in our choice of the subset of the PEER NGA database,
as well as in our providing equations for the conversion fac-
tor In(Sayparot/SAgMmron) @S @ function of magnitude, dis-
tance, and a simplified radiation pattern. We find that the
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sensitivity to these variables is small, and that the Beyer and
Bommer conversion factors are in reasonably good agree-
ment with our factors. We also find that the ratio Saygurod/
Sagmron 18 Insensitive to the most commonly used directivity
factor; this is not to say that either Sayg,ror OF SAGmrom 1S
insensitive to directivity, but only that any sensitivity must
be similar for both quantities. Watson-Lamprey (2007) and
Spudich and Chiou (2006) found that Sagyre 1S dependent
on directivity factors for pseudospectral acceleration at pe-
riods greater than or equal to 3 sec.

Because the predictions of seismic ground-motion in-
tensity Y given by GrMPEs are in terms of the mean of In Y
and the standard deviation g,,y, we present conversion fac-
tors for these two quantities. For example, we convert from
the distribution of Y, to the distribution of ¥, by using these
equations:

Elln Y,] = E[ln Y;] + E[In(Y,/Y))] (1)
and

alanz = on n t 0'12n(Y2/Y1) + 2ry, v,y Oy Oy (2)
where ry, y,y, is the correlation coefficient of In ¥, and In(Y,/
Y}). In this article we give the conversion factors E(In(Y,/
Yy, Oln(y,/Y)s and Ty, vy

For our analysis we use the PEER NGA database (http://
peer.berkeley_edu/nga). The database consists of 7080 in-
dividual horizontal-component acceleration time series from
175 earthquakes (there are 3529 two-horizontal-component
records and 22 records with only one horizontal component).
The subset used in this study includes all two-horizontal-
component records with finite fault data, 3397 pairs. Unless
noted otherwise we used the complete dataset, subject to the
restriction that we only use spectra for periods less than the
maximum useable period, as given in the PEER NGA data-
base.

Sanm,

We know from Boore ef al. (2006) that the median val-
ues of the as-recorded geometric mean and the orientation-
independent geometric mean are very similar and that their
probability distribution function (PDF) is well represented
by a longnormal distribution. In addition, because of the
definition of the geometric mean we have:

In Sagpmar = 0.5 In Sa, + 0.5 In Sa, 3)
where Sagyar 18 the geometric mean of the spectral accel-
erations Sa, and Sa, in two orthogonal as-recorded direc-
tions. The expected value of In Sagyar 1S given by:

E(In Sagyar) = 0.5E(In Sa,) + 0.5E(In Sa,). (4)

Because Sa, and Sa, are randomly chosen, their expected

J. A. Watson-Lamprey and D. M. Boore

values are equal and are also equal to the expected value of
Sa.- Thus we have:

E(In Sagmar) = E(n Saa,) (5)

so the only adjustment needed for Sa,, is to multiply
Sagmron bY the ratio Sagyar/Sagmron- This ratio is near
unity, varying from about 0.99 for T = 0.02 sec to 0.98 for
T = 3 sec (see Fig. 10 in Boore et al., 2006). Adjustments
to the standard deviation of the PDF are more important.
From the preceding analysis, we expect Sa,y, to be lognor-
mally distributed. The standard deviation of the PDF can be
estimated from this equation:

+ a¢ (6)

2 _ 2
OnSany, = TnSagyrou

where o is due to component-to-component variation of
amplitude, as given by equation (6) of Boore (2005). There
should be another contribution due to the uncertainty in the
ratio Sagmar/Sagmrons DUt based on Figure 10 in Boore et
al. (2006), we expect this to be small and choose to ignore
it. We have used the equation in Boore (2005) to calculate
o for the subset of the NGA dataset used by Boore and
Atkinson (2006) in developing their GrMPEs. The results are
given in Table 1. Also shown in the table are the values of
o obtained by Beyer and Bommer (2006) and Campbell
and Bozorgnia (2006), using different subsets of the NGA
database. In general, the values are similar. The last column
in the table contains the average values of the first three
columns; we suggest that this column be used in computing

Oin Sapm*

Sagy

The prevailing model for predicting directivity ampli-
fication is currently the model developed by Somerville et
al. (1997). It assumes that directivity results from construc-
tive interference of SH waves propagating just ahead of the
rupture front. To quantify directivity, Somerville et al.
(1997) developed period-dependent scaling factors for 5%-
damped horizontal Sa at vibration periods between 0.5 and
5.0 sec. Their model consists of two modifications that apply
to median predictions of horizontal Sa from spectral atten-
uation formulas (Somerville et al., 1997). The first of these
modifications yields the directivity-amplified average hori-
zontal component, Sap;,, and the second modification re-
solves Sap;, into strike-normal (SN) and strike-parallel (SP)
components, Sagy and Sagp. (We use “strike-normal” and
“strike-parallel” rather than the more commonly used “fault-
normal” and “fault-parallel” for two reasons: [1] they are the
terms used by Somerville et al. [1997]; [2] for faults dipping
at an angle of less than 90° the true fault-normal motion
would have a vertical component, whereas only the horizon-
tal component is of concern to us in this article—it is un-
derstood that the normal to the strike is in the horizontal
plane.)
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Figure 1.
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Ratio of Say,ro to Sasy as a function of closest distance to fault (where

available, otherwise hypocentral or epicentral distance, in that order), for all fault types,

for oscillator periods of 0.2 and 3.0 sec.

Table 1

Standard Deviation Due to Component-to-Component Variation
to Be Used in Adjusting the Aleatory Sigma for Predictions of
Sagmron to that of Sa,y, (the Values Are for the Natural
Logarithm of Ground Motion)

Ay 3

T (sec) o ¢ o o (Average)
-1 (PGV) 0.19 0.207 0.19 0.20
0.0 (PGA) 0.166 0.161 0.166 0.16
0.05 0.162 0.161 0.162 0.16
0.1 0.17 0.161 0.17 0.17
0.2 0.186 0.177 0.186 0.18
0.3 0.196 0.199 0.198 0.20
0.5 0.204 0.227 0.204 0.21
1 0.221 0.253 0.225 0.23
2 0.225 0.253 0.226 0.23
3 0.226 0.253 0.229 0.24
4 0.236 0.253 0.237 0.24
5 0.234 0.253 0.237 0.24

*Data from Boore and Atkinson (2006).
"Data from Beyer and Bommer (2006).
“Data from Campbell and Bozorgnia (2006).

Crucial to the empirical analysis of Somerville et al. is
their assumption that directivity amplification causes strong-
motion records to have maximum and minimum Sa values
in the strike-normal and strike-parallel directions. Accord-
ingly, their database consists of strong-motion records ro-
tated to SN and SP directions, and the accuracy of their Sagy
prediction model depends on whether the maximum spectral
value is aligned reliably with SN orientations.

Howard et al. (2005) evaluated the difference between

the direction giving Say.ro and the SN direction, and
then the difference between spectral amplitudes of Say.rot
and the corresponding predictions of Sagy at T = 0.6, 0.75,
1.0, 1.5, 2.0, and 3.0 sec for each recording station. They
found that for reverse-faulting records the misalignment of
the direction of Sayeroe and the SN direction is up to 76°
with an average difference of 29°. They found that the av-
erage difference between the orientation of Say,ro and the
SN direction for strike-slip records is 21°.

Thus, by limiting an analysis to SN and SP components
the engineer is underestimating the magnitude of the largest
component. We demonstrate this in Figure 1 by plotting the
logarithm of the ratio Saypgro/Sasn (We discuss our algo-
rithm for computing Sayg..ror i the next section). At dis-
tances from the fault less than 3 km and for long periods,
Sanaxrot/SAsn 18 close to one, but only a few kilometers away
it can be as large as a factor of three. For this reason, we
provide no adjustment factors for Sagy, concentrating instead
on Say..ror- Before turning to those adjustment factors, how-
ever, we investigate Sagy a bit more to give insight into its
dependence on distance and location of the station with re-
spect to the fault.

Figure 2 shows the ratio Sagy/Sasp, with the values for
distance less than and greater than 3 km indicated by differ-
ent symbols. The plot only contains data for strike-slip earth-
quakes. The ratios are plotted against the angle from the fault
to the station, as measured from a point at the middle of the
fault. The center of the fault is chosen as the point of ref-
erence to provide an average radiation pattern over the entire
rupture, not just the radiation from the epicenter, which may
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Figure 2.  Ratio of Sagy to Sasp as a function of the angle between the fault strike
and the station, as measured from the midpoint of the fault, for oscillator periods of
0.2 and 3.0 sec. Shown are data only from strike-slip earthquakes. Points within 3 km
of the fault are shown by large open circles.
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Figure 3.  (a) Simplified SH wave-radiation pattern, with the gray circle indicating
a “water level” of 0.5; the radiation pattern we use in the regression fit consists of the
maximum of the water level and lcos 20yqpaul for each value of Oygigp.- The vertical
line indicates the fault strike. (b) The distribution of the angle from the station to the
midpoint of the fault as a function of distance to the fault for recordings of strike-slip
earthquakes.



Beyond Sagyp.y: Conversion to Say,,, Sagy, and Say,.gor

not be the location from which the majority of the energy is
radiated. Except close to the fault, at shorter periods the ra-
tios are almost independent of angle and are distributed al-
most equally about unity, showing that the strike-normal
motion is about equal to the strike-parallel motion on aver-
age, independent of station location. For longer periods,
however, the ratio clearly depends on station location, with
stations located close to the fault and off the ends of the fault
having larger strike-normal than strike-parallel motions (we
only show results for a period of 3 sec, but we have con-
firmed our statement for periods out to 5 sec; see also Camp-
bell and Bozorgnia [1994] for a similar observation using
data from the 1992 Landers, California, earthquake). The
converse is true for stations located roughly perpendicular
to the fault, where the strike-parallel motion dominates.
The dominance of Sagy close to the fault and Sagp at
locations approximately perpendicular to the fault is expli-
cable in terms of the radiation pattern from a vertical strike-
slip fault, for which the dominant shear wave should be the
SH wave, whose motion is transverse to the ray path. Figure
3 shows the radiation pattern for a strike-slip earthquake and
rotation angles from the fault to a station as a function of
distance for the dataset. Close to the fault we note that the
radiation pattern is at a maximum for SH-wave radiation,
which explains the correlation between Sayg,ro and Sagy
close to the fault. Figure 4 plots the rotation angle corre-

Strikeslip Earthquakes: T = 0.2 sec
strike-normal region
@] all magnitudes, R > 3 km
@  all magnitudes, R < 3 km
polarization of SH wave
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sponding to Say.cro (the angle is relative to the direction of
fault strike and is done separately for each period) against
the angle from the fault to the station. Clearly, the rotation
angle is near 90° for 7 = 3 sec, which corresponds to the
SH wave (in a direction normal to the fault strike), for sta-
tions located near the fault and off the ends of the fault
(Omigraur: n€ar 0°). For stations at locations nearly perpendic-
ular to the fault (Oysqrau n€ar 90°), the rotation angles are
close to 0 and 180°, which again corresponds to SH motion,
but now in a strike-parallel direction. This effect was dem-
onstrated by Shakal et al. (2006) for ground motions from
the 2004 Parkfield, California, earthquake.

A more detailed study of the ratio Sagy/Sagp is contained
in Spudich and Chiou (2006). They investigated how well
the observed ratios were predicted from the radiation pat-
terns expected for the faulting mechanism for each earth-
quake. Their predicted radiation patterns were an average of
the radiation patterns from two locations on the fault. They
found that, in general, the radiation pattern becomes more
obvious with increasing oscillator period and with decreas-
ing distance to the fault. Our results shown in Figures 2 and
4 are consistent with their more detailed analysis.

S AMaxRot

As we just showed, the strike-normal component of mo-
tion rarely corresponds to the maximum possible response-

Strikeslip Earthquakes: T = 3.0 sec
strike-normal region
©  all magnitudes, R > 3 km
@  all magnitudes, R < 3 km
polarization of SH wave
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Figure 4.  Angles corresponding to Say.ro plotted against the angle between the
fault strike and the station, as measured from the midpoint of the fault, for oscillator
periods of 0.2 and 3.0 sec. Shown are data only from strike-slip earthquakes. The heavy
lines indicate the rotation angle expected for SH waves.
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Figure 5.

Ratio of Sayparor 10 Sagmron @S @ function of closest distance to fault

(where available, otherwise hypocentral or epicentral distance), for all fault types, for
oscillator periods of 0.2 and 3.0 sec. The black lines show the fit of a quadratic to all
of the data, irrespective of mechanism, and are intended only to indicate trends that
might otherwise be lost in the large scatter of the data.

spectral measure of seismic ground-motion intensity at a sin-
gle location. For this reason, we present in this section
conversion factors from Sagypron 10 Snaxrorr W€ cOmpute
Sayiaxrot DY Tesolving the two orthogonal components into a
direction given by a rotation angle, computing the response
spectrum, incrementing the rotation angle, and repeating the
process. Sayaxro: 15 the maximum value of the response
spectrum over all rotation angles. The rotation angle giving
the maximum value is period dependent.

We calculate the ratio of In(Saypurot/SaGmron) fOT the
dataset and present the results in Table 2, along with those
of Beyer and Bommer (2006). We show plots of In(Say,xro/
Sagmron) as a function of distance and magnitude for all
classes of fault mechanism in Figures 5 and 6. Also shown
in the figures are the ratios given by Beyer and Bommer
(2006), whose results are in good agreement with the ob-
servations. This is as expected, because they used a subset
of the PEER NGA data, although note that our plot includes
all Chi-Chi data whereas they did not include those data.
The dependence on R and M is slight, except perhaps near
the fault for 7 = 3 sec and for strike-slip motions. Beyer
and Bommer included no R or M dependence in their anal-
ysis.

For motions from strike-slip faults we also investigate
possible dependence of the ratio on the directivity and on
the radiation pattern. For the directivity, we use the param-
eter X cos 6, where X is the percent of the fault length be-
tween the epicenter and the station, as defined by Somerville

Table 2

Estimates of the Ratio In Sayro/SaGmroa from This
Research as well as the Ratio of In Sayro/Sagy from Beyer
and Bommer (2006)

Watson-Lamprey and Boore Beyer and Bommer

Period (2007) (2006)

(sec) Ratio (Standard Error) 4 Ratio a
PGA 0.184 (0.002) 0.094 0.182 0.040
0.1 0.178 (0.0015) 0.092 0.182 0.040
0.15 0.187 (0.0016) 0.095 0.182 0.040
0.2 0.196 (0.0017) 0.099 0.197 0.043
0.3 0.212 (0.0017) 0.104 0.216 0.048
0.4 0.219 (0.0018) 0.107 0.230 0.052
0.5 0.225 (0.0018) 0.110 0.241 0.054
0.5 0.225 (0.0018) 0.110 0.259 0.059
1 0.237 (0.0019) 0.110 0.262 0.060
1.5 0.237 (0.0019) 0.110 0.262 0.060
2 0.240 (0.0021) 0.112 0.262 0.060
3 0.247 (0.0024) 0.109 0.262 0.060
4 0.256 (0.0031) 0.113 0.262 0.060
5 0.267 (0.0032) 0.114 0.262 0.060

et al. (1997) and 0 is the angle from the propagation direc-
tion to the station, computed from the epicenter. For the
radiation pattern we use the approximation cosS(20ysiapaui)-
Plots of In(Sanaxrot/Sacmron) against these explanatory vari-
ables are shown in Figures 7 and 8. It is clear from those
figures that the dependence on both is small, even for longer
periods. The primary dependence of the ratio on angle is



Beyond Sagyp.y: Conversion to Say,,, Sagy, and Say,.gor

1517

=== Beyer and Bommer (2006)

alM,SS A alM,RS

V allM,RSobligue [ allM,N © allM, N oblique

Sayaxrot SAamRot
-
tn

T T L TR NN U R W W N T S W AT S W W R T S R M N SONN U SN VA L (S W (G R N S R T
: T=0.2sec T=3.0sec
21 oA 2 L
| ¥ i
] LA ‘ ve® v |
. R oA PAZEBE |
15{ & & MR He A o)
' ‘A B RCRA Y
4 A F ) = i
o ;h A LA o
£ YA f L 1OM
10‘ CH G AN
| TR
1_=. ¢ yop 3
T LT . L L F
4 5 6 7 8

Figure 6.
fault types, for oscillator periods of 0.2 and 3.0 sec. The black lines show the fit of a
line to all of the data, irrespective of mechanism, and are intended only to indicate
trends that might otherwise be lost in the large scatter of the data.

given by the radiation pattern effect; for this reason we use
c08(20ztigraur) @S an explanatory variable in the regression
equation to be discussed.

Figures 6 through 8 suggest a small or negligible de-
pendence of In(Sayi.rot/SAGmron) ON the explanatory vari-
ables. The large scatter in the plots, however, can mask sta-
tistically significant dependencies. For this reason we fit In
Sty taxrot/SAcMmroa 10 @ function of R, M, and Oyjgpau USINg
this equation:

1 (SaMaxRol(D> _
NN = a

Sagmroa (1)
0 for lcos20viarau) < 0.5) B
a2<|005(20MidFaun)| — 0.5 else + a;(M = 6.5)
0 forR < 15
T oay 1 R ) + o
n 15 else o

The equation was fit using least squares for three cases:
(1) strike-slip, normal, and normal-oblique earthquakes with
the radiation pattern term; (2) strike-slip, normal, and
normal-oblique earthquakes without the radiation pattern
term; and (3) reverse and reverse-oblique earthquakes. (Data
from strike-slip events dominates cases 1 and 2.) The coef-
ficients were then smoothed. The resulting coefficients for
the three cases are given in Tables 3—5 and they are plotted
against period in Figure 9 for case 2. The residuals of the

Ratio of Sayjaror 0 Sagmron @s @ function of moment magnitude for all

data about the regression are plotted against the explanatory
variables and X cos 0 in Figure 10. Spudich and Chiou
(2006) found that for pseudospectral accelerations of 3 sec
using X cos 0 as a predictor variable decreases standard de-
viation by 10% and Watson-Lamprey (2007) found a trend
in the Abrahamson and Silva (unpublished manuscript,
2007) residuals versus X cos 0 with a slope of 0.5. The re-
siduals are not dependent on X cos # as shown in Figure 10,
nor is there any dependence on the explanatory variables.
The influence of the large amounts of Chi-Chi data is always
a concern. Chi-Chi was a reverse earthquake; thus, these data
were not included in cases 1 and 2, but were included in
case 3. The coefficients for cases 1 and 2 versus case 3 are
not very different, indicating that Chi-Chi has not caused a
large impact on the results. The radiation pattern term was
found to be small (differences of less than 1% in the predic-
tion of the ratio of Saygror t0 Sagmroa fOr all cases except
for the predominately strike-slip case.

As a measure of the significance of the results we cal-
culate the fractional reduction in the standard deviation of
the regression as compared with the estimates of the ratio
In(Sapraxrot/Sacmron) N Table 2. These fractional reductions
are reported in Table 6 for cases 1, 2, and 3. Although the
trends calculated versus magnitude and distance are well de-
fined (coefficient standard errors of 15-25%), they do not
cause a large change in the standard deviation.

To calculate the correlation coefficient between the ratio
of Saytaxrot t0 Sagnrou and SAgmrous Ty, v,/v,» the intraevent
residuals from the Abrahamson and Silva (unpublished
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Ratio of Sayuror 10 Stgmron @S @ function of the approximate radiation

pattern parameter cos(20yiap.uy) for strike-slip faults, for oscillator periods of 0.2 and
3.0 sec. The dashed lines show the fit of a quadratic to the data. Note that values of
0.2 and 0.4 for the natural logarithms of the ratios correspond to factors of 1.2 and 1.5
for the ratios, respectively. The thin black line in the right-hand plot shows the fit of a
bilinear form to the data (as used in equation 7); it is barely distinguishable from the

quadratic fit.
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Figure 9.  Coefficients of equation (7) relating In

Saypaxrot/SAGMRron 1O Various explanatory variables, as
a function of oscillator period, for the case when the
radiation pattern term is not included. The coefficients
are for data from strike-slip earthquakes.

Table 3
Coefficients in Equation for In Say,re/S@Gmron for Strike-Slip,
Normal, and Normal-Oblique Earthquakes with the Radiation
Pattern Term

T (sec) a a as ay Oln SantaxRot/SIGMRotT
PGA 0.201 — —0.0204 —0.019 0.093
0.1 0.197 — —0.0253 —0.019 0.092
0.15 0.209 — —0.0217 —-0.019 0.096
0.2 0.220 — —0.0191 —0.019 0.099
0.3 0.231 — —-0.0154  —-0.019 0.099
0.4 0.239 — —0.0128 —0.019 0.105
0.5 0.247 — —0.0108 —0.019 0.107
0.75 0.252 — —0.0072 —0.019 0.108
1 0.264  0.028 —0.0046  —0.019 0.104
1.5 0.268  0.05 —0.001 —0.019 0.104
2 0.271  0.05 0.0016  —0.019 0.112
3 0.277  0.05 0.0053 —0.019 0.116
4 0.293  0.05 0.0079 -0.019 0.114
5 0.301  0.05 0.0099 —0.019 0.118

manuscript, 2007) and Boore and Atkinson (2006) GrMPEs
were used with the residuals from equation (7), case 1. The
resulting coefficients can be found in Table 7. The param-
eters have a small correlation (less than 0.18) that approxi-
mately decreases with increasing period. There are small dif-
ferences between the two sets of residuals, but the effect of
the correlation is small. Boore et al. (2006) show that the
orientation of Sagwrea 1S controlled by long-period ground
motion. Thus, at long periods Sagyroq represents the median
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Table 4

Coefficients in Equation for In Sayi,rot/S@gmron fOr Strike-Slip,
Normal, and Normal-Oblique Earthquakes without the Radiation
Pattern Term

T (sec) 4 % a3 a4 Tin SaytaxRot/SAGMRotT
PGA 0.201 — —0.0204 —0.019 0.093
0.1 0.197 — —0.0253 —0.019 0.092
0.15 0.209 — —0.0217 —0.019 0.096
0.2 0.220 — —0.0191 —0.019 0.099
0.3 0.231 — —0.0154 —0.019 0.099
0.4 0.239 — —0.0128 —0.019 0.105
0.5 0.247 — —0.0108 —0.019 0.107
0.75 0.252 — —0.0072 —0.019 0.108
1 0.264 — —0.0046 —0.019 0.110
1.5 0.268 — —0.001 —0.019 0.109
2 0.271 — 0.0016 —0.019 0.111
3 0.277 — 0.0053 —0.019 0.113
4 0.293 — 0.0079 —-0.019 0.115
5 0.301 — 0.0099 -0.019 0.116

Table 5

Coefficients in Equation for In Sayro/S@gmroa for Reverse and
Reverse-Oblique Earthquakes without the Radiation Pattern Term

T (sec) 4 @ 4 4 Tin SayfaxRot/SAGMRotl
PGA 0.207 — —0.018 —0.019 0.092
0.1 0.201 — —0.018 —0.019 0.089
0.15 0.209 — —-0.018 —0.019 0.090
0.2 0.217 — —0.018 —0.019 0.095
0.3 0.236 — —0.018 —0.019 0.102
0.4 0.243 — —0.018 —0.019 0.105
0.5 0.249 — —-0.018 -0.019 0.108
0.75 0.256 — —0.018 —0.019 0.108
1 0.260 — —0.018 -0.019 0.108
1.5 0.259 — —0.018 —0.019 0.108
2 0.265 — —-0.018 -0.019 0.111
3 0.276 — —0.018 —0.019 0.106
4 0.285 — —0.018 -0.019 0.110
5 0.298 — —0.018 —0.019 0.110

value of the geometric mean of pseudospectral acceleration.
The ratio of Sayuxrot 1O SAgMmron at long periods is indepen-
dent of Sagyron- At short periods Sagyrey 18 less likely to
be the median value of the geometric mean of pseudospectral
acceleration. If Sagyroq 1S high at short periods it may be
because Sagyron 1S above the median value at that period,
and vice versa. This would cause a dependence of Sapuror
on Sagumreq at short periods. The ratio In(Say . rot/SAGMRot)
is not dependent on amplitude at long periods and is slightly
dependent on amplitude at short periods. This dependence
is accounted for with a change in standard deviation.

To appreciate better the importance of the magnitude
and distance dependence, we show in Figure 11 the conver-
sion factors for a representative set of magnitudes and dis-
tances. The figure also shows the individual conversion fac-
tors as well as the functional dependence given by Beyer
and Bommer (2006). Just looking at the data, our conversion
factors are, in general, somewhat smaller than those of Beyer
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tion, for all mechanisms.

and Bommer (2006). Both our and their data indicate that
the ratio continues to increase with period, unlike their func-
tional form, which has no period dependence above 0.8 sec.

To illustrate the effects of radiation pattern, a plan view
of the conversion factors for case 1 for a magnitude 7, strike-
slip earthquake are shown in Figure 12. The effect of the
shear-wave radiation pattern can be seen, as well as the in-
crease in the ratio of Sayro 0 Sagmrou N€Ar the source.
To demonstrate the new median estimates of Say, ro COM-
pared with Saguroa, these values are plotted for case 2 for
a set of magnitudes versus distance from the rupture in Fig-
ure 13.

Equation (7) can be used to convert the values of
Sagmron g1ven by GrMPES to Say,.ro bY using equations (1)
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and (2). A complete description of Sayj.ro @lS0 includes the
PDF of the quantity. Figure 14 shows the distribution of
In(Sapaxrot/SAomron) With an approximate fit using a trun-
cated normal distribution. We are not suggesting that
Sanaxror has a truncated lognormal distribution. Formally,
we would have to combine the log-normal distribution of
Sagmron With the truncated lognormal distribution of
In(Sapaxrot/SAcMmron) tO Obtain the distribution of Sayror
The value of Gy 54, ro/Saoumes 1S Much smaller than
OinSagypoe OWEVeET; and thus the error in assuming an
untruncated normal distribution for Sayro With a stan-
dard deviation given by of, Sayiarer = Oln Sagaron

ai Sanacror/Sacurog 1S STMall. As an example of the relative
SIZ€S, Ol sugymeg 10T the PEER NGA equations of Boore and
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Table 6

Significance of Equation (7) Cases 1, 2, and 3 as Measured by
the Fractional Change in Standard Deviation
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Table 7

Correlation Coefficients between the In Sayurot/SAMRrot
Residuals of Equation (7), Case 1 and In Sagyroq Residuals from
the Abrahamson and Silva (Unpublished Manuscript, 2007) and

T(se0) Case 1 Case 2 Case 3 Boore and Atkinson (2006) GrMPEs
PGA —0.043 —0.043 —0.013 T (sec) Abrahamson and Silva Boore and Atkinson
0.1 —0.037 —0.037 —-0.016
0.15 —-0.036 —0.036 —-0.024 PGA —0.051 0.089
0.2 —0.041 —0.041 —0.019 0.1 0.142 0.148
0.3 —0.034 —0.034 —0.024 0.15 0.100 0.168
0.4 —0.028 —0.028 —0.022 0.2 0.082 0.123
0.5 —0.034 —0.034 —0.021 0.3 0.037 0.047
0.75 —0.024 —0.024 —0.021 0.4 0.125 —
1 -0.017 —0.023 -0.017 0.5 0.020 0.003
1.5 —0.023 —-0.020 —-0.014 0.75 0.041 0.089
2 —0.052 —0.004 —0.004 1 0.089 0.088
3 —0.002 —0.001 —0.005 1.5 0.041 —0.011
4 —0.002 —0.005 —0.007 2 0.089 0.157
5 —0.003 —0.008 —0.006 3 0.024 —0.005
4 0.046 0.112
5 0.035 0.085
1.4 1.4
—— Beyer & Bommer Equation 9 —— Beyer & Bommer Equation 9
—a— Equation 7 - Case (2) - M=5, R=10 —a— Equation 7 - Case (2) - M=7, R=5
—&— Equation 7 - Case (2) - M=6, R=10 —&— Equation 7 - Case (2) - M=7, R=10
L Equation 7 - Case (2) - M=7, R=10 / Loy Equation 7 - Case (2) - M=7, R=30
Equation 7 - Case (2) - M=8, R=10 Equation 7 - Case (2) - M=7, R=100
Table 2 _—— Table 2
13 1.3
1.25 / V4 1.25
—— ’
1.2 ’-_-"""‘"-*‘ _/ 12 =1
1.15 I 1.15 !
0.01 0.1 1 10 0.01 0.1 1 10

Figure 11.

The ratio Saygaro/SaGMmron @8 @ function of period for fixed distance

and a set of magnitudes (left) and for a fixed magnitude and a set of distances (right).
The ratios were determined for case 2: no radiation pattern and predominately strike-

slip earthquakes.

Atkinson (2006) is 0.645 for a period of 1 sec. With the
Oln SayparodSaaymos O 0-111 for strike-slip earthquakes given
in Table 4, and ry y,,, of 0.110 from Table 7,
OlnSayupe = 0-006, which is an incremental contribution to
the total aleatory variability of 3%. (In comparison, the con-
version from Sagyrea t0 Saay involves a more significant
increase in the aleatory variability; from Table 1, we would
have ay,g,,, = 0.688.)

Conclusions and Discussion

Directivity has become a phenomenon of concern to
engineers in recent years because it brought the polarization

of ground motion to the awareness of the engineering com-
munity. To date, the engineering community has focused
solely on the phenomenon in the near-source region and on
the strike-normal component of ground motion. We find that
focusing on the strike-normal component of ground motion
in the near-source region does not capture the maximum
possible spectral acceleration over all orientations and un-
derestimates the degree of polarization. We have provided
conversion factors from Sagyvroq t0 Sayaxro: Which show
that the ratio of Saygror OVEr Sagmron 1S period dependent,
ranging from 1.2 at short periods to 1.35 at long periods.
These conversion factors are distance, magnitude, and ra-
diation pattern dependent. The dependencies are small and
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for most engineering applications the conversion factors in-
dependent of these variables can be used. Assuming that the
ground motion on two orthogonal components peaks at the
same time (using the SRSS of the elastic response spectra)
slightly overestimates the conversion to maximum spectral
acceleration in most cases. We have found that the conver-

sion factors are independent of the most common explana-
tory variable for directivity. Our results are in broad agree-
ment with those of Beyer and Bommer (2006), who
computed constant factors for each period, with no consid-
eration of additional explanatory variables.
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